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Polydnaviruses (PDVs) are distinguished by their unique association with parasitoid wasps and their segmented, double-stranded (ds) DNA
genomes that are non-equimolar in abundance. Relatively little is actually known, however, about genome packaging or segment abundance of these
viruses. Here, we conducted electronmicroscopy (EM) and real-time polymerase chain reaction (PCR) studies to characterize packaging and segment
abundance of Microplitis demolitor bracovirus (MdBV). Like other PDVs, MdBV replicates in the ovaries of females where virions accumulate to
form a suspension called calyx fluid. Wasps then inject a quantity of calyx fluid when ovipositing into hosts. The MdBV genome consists of 15
segments that range from 3.6 (segment A) to 34.3 kb (segment O). EM analysis indicated that MdBV virions contain a single nucleocapsid that
encapsidates one circular DNAof variable size.We developed a semi-quantitative real-time PCR assay using SYBRGreen I. This assay indicated that
five (J, O, H, N and B) segments of the MdBV genome accounted for more than 60% of the viral DNAs in calyx fluid. Estimates of relative segment
abundance using our real-time PCR assay were also very similar to DNA size distributions determined from micrographs. Analysis of parasitized
Pseudoplusia includens larvae indicated that copy number of MdBV segments C, B and J varied between hosts but their relative abundance
within a host was virtually identical to their abundance in calyx fluid. Among-tissue assays indicated that each viral segment was most abundant in
hemocytes and least abundant in salivary glands. However, the relative abundance of each segment to one another was similar in all tissues. We also
found no clear relationship between MdBV segment and transcript abundance in hemocytes and fat body.
© 2006 Elsevier Inc. All rights reserved.Keywords: Polydnavirus; Genome organization; Gene expression; Real-time PCR; ParasitoidIntroduction
Polydnaviruses (PDVs) are distinguished by their unique
association with parasitoid wasps and segmented genomes that
consist of multiple, circular double-stranded (ds) DNAs
(Kroemer andWebb, 2004; Webb and Strand, 2005; Pennacchio
and Strand, 2006; Dupuy et al., 2006). Each PDV from a given
wasp species is genetically unique but all PDVs share a similar
life cycle. In wasps, PDVs persist as integrated proviruses with
replication restricted to females in a specialized region of the
ovaries called the calyx. Virions accumulate in the lumen of the
lateral oviducts to high density forming a suspension called
calyx fluid. When a wasp locates a host, she oviposits one or
more eggs plus a given quantity of virus that infects various host⁎ Corresponding author. Fax: 706 542 2279.
E-mail address: mrstrand@bugs.ent.uga.edu (M.R. Strand).
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doi:10.1016/j.virol.2006.09.002tissues. PDVs do not replicate in the wasp's host but a number of
viral gene products are expressed that immunosuppress the host
and cause other physiological alterations that allow the wasp's
offspring to develop (summarized by Schmidt et al., 2001;
Turnbull and Webb, 2002; Webb and Strand, 2005; Pennacchio
and Strand, 2006).
Two genera of PDVs are currently recognized: Bracoviruses
(BVs) that are carried by wasps in the family Braconidae and
Ichnoviruses (IVs) that are carried by wasps in the family
Ichneumonidae. Both wasp families primarily parasitize egg or
larval stage Lepidoptera (moth and butterflies) (Stoltz and
Whitfield, 1992; Espagne et al., 2004; Webb and Strand, 2005;
Webb et al., 2006). The braconid Microplitis demolitor carries
M. demolitor bracovirus (MdBV) and parasitizes larvae of
several moth species including Pseudoplusia includens (Strand
and Noda, 1991). The MdBV genome consists of 15 DNA
segments that range from 3611 bp (segment A) to 34,334 bp
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electrophoretic and hybridization studies indicate that MdBV
genomic segments vary in abundance with segment O, for
example, being more abundant than segment A (Strand et al.,
1992; Strand et al., 1997; Webb et al., 2006). The majority of
genes encoded by MdBV consist of related variants that form
the ptp, vankyrin, tRNA, egf-motif and glc gene families (Webb
et al., 2006). All egf-motif, glc and tRNA family members
reside on segment O, whereas the ptp and vankyrin genes are
located on multiple segments (D, F, G, H, I, J, N). Most gene
family members are expressed in parasitized hosts beginning 2–
4 h after wasp oviposition and expression continues near steady
state until the wasp's progeny complete development 7 days
later (Strand et al., 1992; Strand, 1994). Several gene family
members have also been experimentally implicated in suppres-
sion of the host's immune response (Trudeau et al., 2000; Beck
and Strand, 2003; 2005; Thoetkiattikul et al., 2005).
Although segmented, non-equimolar genomes are consid-
ered key characteristics of PDVs, little is actually known about
genome packaging or segment abundance of these viruses.
Studies with Chelonus inanitus bracovirus (CiBV) suggest that
virions contain a single DNA segment (Albrecht et al., 1994).
Other PDVs, however, produce virions that contain multiple
nucleocapsids or capsids that are large enough to accommodate
multiple DNA segments (Webb and Strand, 2005). Outside of
band intensity on agarose gels, it is also unclear how the
abundance of different genomic segments of a given PDV
compare to one another or how segment abundance affects gene
function. In this study, we used a combination of electron
microscopy and real-time polymerase chain reaction (PCR)
methods to examine packaging, segment abundance and gene
expression in MdBV. Our results indicate that MdBV capsids
contain only one genomic segment and that five genomic
segments account for more than half of the viral DNAs in calyx
fluid. In addition, we found no clear relationship between
MdBV segment and transcript abundance in selected host
tissues.Results
MdBV nucleocapsids vary in size and contain only one
genomic segment
BV virions consist of a single unit membrane enveloping one
or more cylindrical nucleocapsids (Stoltz and Vinson, 1979;
Webb et al., 2000; Strand, 2001; Webb and Strand, 2005). We
previously determined that MdBV virions are of variable length
(200–900 nm) but always contain a single nucleocapsid (Strand et
al., 1992; Strand, 1994) (Fig. 1A). Removal of the unit membrane
from these particles during the current study revealed that the
cylindrical nucleocapsids also possessed tails. Capsids (excluding
tails) varied in length (29.5–78.6 nm) but were of consistentwidth
(46.3–49.5 nm) (Fig. 1B). Tails ranged from 106.5 to 181.5 nm
with longer capsids usually having longer tails. Plotting
nucleocapsid length in relation to abundance produced a bimodal
distributionwith a large cluster of capsids that were 29.6–51.4 nmin length and a second, smaller cluster that was 65.0–81.6 nm
(Fig. 1C). Osmotic shock of nucleocapsids directly on electron
microscopy grids induced the release of DNAs whose sizes were
estimated by measuring contour lengths relative to a standard.
Examination of numerous micrographs indicated that individual
capsids contained a single circular dsDNA that ranged from
approximately 6 to 38 kb (Fig. 1D).WhenDNAsizeswere plotted
in relation to abundance, the resulting bimodal distribution was
very similar to the distribution of nucleocapsid lengths (Fig. 1E).
DNAs from 6 to 19 kb formed one large cluster whereas a second
group of DNAs clustered around 34 kb (Fig. 1E).
MdBV DNAs J, O, H, N and B are the most abundant segments
in calyx fluid
As previously noted, sequencing and assembly of the MdBV
genome identified 15 segments that were named alphabetically
from smallest (A; 3611 bp) to largest (O; 34,334 bp) (Webb et al.,
2006) (Table 1). We assessed the relative abundance of these
segments by relative quantitative real-time PCR (rqRT-PCR)
using segment-specific primers (Table 2) and viral DNA from
calyx fluid as template. Four independently collected samples of
calyx fluid from 50 two-day-old wasps were analyzed. Real-time
PCR studies using these primers and serially diluted viral DNA
as template determined that amplification of each segment-
specific amplicon was equally efficient (see below), which
allowed us to estimate their relative abundance to one another.
Segment C was the least abundant MdBV DNA and therefore
was used as a calibrator that was standardized to a value of 1
(Fig. 2). In turn, segments J (13.7 kb), O (34.3 kb), H (11.2 kb), N
(17.4 kb) and B (6.3 kb) were 13.3-, 8.8-, 7.3-, 5.4- and 4.9-fold
more abundant, respectively, than C, whereas the other segments
were 1.6- to 4.1-fold more abundant (Fig. 2). Converting these
values to percentages, segments J (20.3%), O (13.5%), H
(11.1%), N (8.2%) and B (7.4%) accounted for more than 60% of
the viral DNAs in calyx fluid. Comparison of Fig. 2 to the
segment abundance estimates generated from electron micro-
graphs (see Fig. 1E) also indicated that both approaches pro-
duced very similar distributions. Given that capsids contain a
single DNA, we concluded from these studies that more than
half of the virions in calyx fluid contained five (J, O, H, N and B)
of the fifteen genomic segments that comprise the MdBV
genome. Henceforth, we also designated segments J, O and H as
high, N and B as intermediate and the remaining MdBV DNAs
as low abundance segments.
Semi-quantitative, real-time PCR estimates of segment copy
number in calyx fluid
To estimate the copy number of MdBV genomic segments,
we developed a semi-quantitative real-time PCR assay using
SYBR Green I as the detection system. Serial dilutions of a
plasmid (pTOPO5.15) containing an almost full-length
linearized copy of MdBV segment C was used as template
with the segment C-specific primers presented in Table 2. The
resulting standard curve was linear over the range of 101 to
108 copies per reaction as evidenced by the slope and high
Fig. 1. MdBV nucleocapsids and DNA segment distributions. (A) Electron micrograph of MdBV virions. Elongate virions contain a single nucleocapsid (arrows) per unit
membrane. Scale bar=1 μm. (B) Electron micrograph of negatively stained nucleocapsids with tails (arrow). Scale bar=200 nm. (C) Distribution of nucleocapsid lengths
measured from electron micrographs as shown in panel B. A total of 104 capsids were measured. (D) Electron micrograph of a circular dsDNA after release by osmotic
shock from a nucleocapsid. The remnant capsid is at the center of the released DNA. Scale bar=1 μm. (E) Size distribution of 134 circular DNA molecules released from
nucleocapsids.
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plasmid copy number (Fig. 3A). To determine inter and
intra-assay variation, 10 samples of plasmid containing 104 or
101 copies were tested in three independent assays. The inter-
assay variability coefficients of variation (%CV) for copy
number ranged from 6.4% at 101 copies to 4.1% at 104 copies
whereas intra-assay variation ranged from 1.2% at 101 copies
to 0.3% at 104 copies.
Serial 10-fold dilutions of the viral genomic DNA samples
used to determine relative segment abundance (see above) and
MdBV segment-specific primers (Table 2) produced amplifica-
tion plots with nearly identical slopes to serially diluted
pTOPO5.15. This is illustrated in Fig. 3B for segments C, B
and J. Note that the y intercept was highest for segment C,
intermediate for segment B and lowest for segment J, which was
fully consistent with our rqRT-PCR calculations indicating that
C, B and J were low, medium and high abundance segments,
respectively, in calyx fluid. Each segment in a given quantity of
viral DNA also generated a higher CT value than for the same
amount of pTOPO5.15 because calyx fluid contains a mixture ofviral segments (Fig. 3B). Based on these results, copy number of
segments C, B and J in a given quantity of viral DNA isolated
from calyx fluid was estimated by fitting the CT value obtained
from Fig. 3B to the standard curve in Fig. 3A. Picogreen®
quantitation indicated that calyx fluid from a single wasp con-
tained 98.7±8.0 (SD) ng of MdBV DNA. Standardizing one
wasp equivalent of calyx fluid to equal 100 ng of viral DNA, we
estimated that 1.73×108 copies of segment C, 8.65×108 copies
of segment B, and 25.15×108 copies of segment J were present
in the calyx fluid from one 2-day-old adult female. Estimated
copy number per wasp equivalent of calyx fluid for the other 12
segments is presented in Table 1.
An infectivity assay produces a similar estimate for the
abundance of virions containing segment O as
semi-quantitative PCR
We next asked whether segment abundance estimates
generated by semi-quantitative PCR could be related to infect-
ivity. This was approached by developing an infectivity
Table 1
MdBV segment size and estimated copy number per wasp equivalent
Segment Size (bp) a Copy number
A 3611 6.17×108
B 6307 8.65×108
C 7228 1.74×108
D 7823 7.30×108
E 8443 2.82×108
F 9604 5.65×108
G 10,790 4.35×108
H 11,238 12.69×108
I 13,279 3.65×108
J 13,704 25.15×108
K 15,058 3.15×108
L 15,096 5.88×108
M 15,218 3.80×108
N 17,355 9.43×108
O 34,334 15.20×108
a From Webb et al. (2006).
Fig. 2. Relative quantitative real-time PCR (rqRT-PCR) analysis of MdBV
genomic segment abundance in calyx fluid. The abundance of the least abundant
segment, C, was standardized to a level of 1. The abundance of the other seg-
ments (A, B, D–O) was then expressed as an increase relative to the segment C
control. Segment abundance was determined using four independently collected
samples of calyx fluid. Error bar=1 SD.
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encodes the gene glc1.8 (Webb et al., 2006). Prior studies
indicate that Glc1.8 is a cell-surface protein that is expressed
in several infected host tissues as well as in lepidopteran cell
lines, like High Five cells from Trichoplusia ni, that are
permissive to MdBV infection (Beck and Strand, 2003; 2005).
End-point dilution assays conducted in triplicate indicated that
one wasp equivalent contained 6.03×108 (±4.10×108 SE)Table 2
MdBV segment-specific primers
Genomic segment Orientation
Segment A Forward
Reverse
Segment B Forward
Reverse
Segment C Forward
Reverse
Segment D Forward
Reverse
Segment E Forward
Reverse
Segment F Forward
Reverse
Segment G Forward
Reverse
Segment H Forward
Reverse
Segment I Forward
Reverse
Segment J Forward
Reverse
Segment K Forward
Reverse
Segment L Forward
Reverse
Segment M Forward
Reverse
Segment N Forward
Reverse
Segment O Forward
Reverseinfectious units for Glc1.8. This estimate was remarkably
similar to our semi-quantitative PCR estimate for the number
of virions containing segment O in one wasp equivalent
(15.20×108) (Table 1). These data also indicated that infection
of a single High Five cell by 1–3 virions containing segmentSequence
5′-GCTTCCGGAATTCTGTTTAGTGTA-3′
5′-CCCAGCAATTTTATCCCTCAAGA-3′
5′-AGATGGTCGCTCCTGCTCACTG-3′
5′-ACGAACGACGCTGCCTACCC-3′
5′-ACTTCTACCCACGTTGTTATG-3′
5′-AAGAAATTCGGGCTGTGAG-3′
5′-TGGTGGATTATTGAACGAGATGTA-3′
5′-GAAAAGATTGGGAAGATTGGATAG-3′
5′-TATCCGCCCTATTTATTGCTATCA-3′
5′-TACCGAGTTTACTAATGCGTGTGG-3′
5′-ATACGTCGGATTAACCTTGTCG-3′
5′-GATGGCGTTTACTAGTGGAGAGCA-3′
5′-TACCCGAACCGAATGCGAGTGT-3′
5′-AATCATTTTGCTTCATCCCTTGTC-3′
5′-ATAACTGGCATTCCTTTGTCCTG-3′
5′-AGCTCGCATTGCCTGTAGTA-3′
5′-ATCGGCATTGAAAGAGAAGTGGTA-3′
5′-GCAAGCAAGCATGGGTCAGG-3′
5′-ATTTTCAGGGTCAGGATTTTGTGG-3′
5′-AGCTAGCCTTAAGTTGCCTCAGA-3′
5′-TTTCGCTGGTATGTTTTTCACTTG-3′
5′-AATCGCGTTCCTCACTGTTGGTC-3′
5′-TTAGATTTATATTACCCCAACCAA-3′
5′-AATGACATAAACAACGACCCAGAT-3′
5′-CTTAAGCACCGGAGACAATAG-3′
5′-AGTTACCCAGCTCCGCAGTTAG-3′
5′-TTCCCCTACCATGGCTTCACTCAG-3′
5′-TCCGTCATCAGGCAATTCTACCAC-3′
5′-TTGCCAGGCCAGAAATTTTCAACATTACAATCTA-3′
5′-TACCCCTATAAGTAGTCCATCAAAAAGAACTGTGG-3′
ig. 4. Estimated copy number for MdBV genomic segments C, B and J in
. includens larvae parasitized by M. demolitor. DNA was isolated from three
ifferent larvae (1, 2, 3) at specific times points post-parasitism (2–168 h) and
e number of copies of segments C, B and J per larva was deduced by linear
egression analysis relative to the standard curves presented in Fig. 3. Real-time
CR performed on non-parasitized P. includens (negative control) yielded no
mplification.
Fig. 3. Standard curves for semi-quantitation of MdBV genomic segments C, B
and J by real-time SYBR Green PCR. (A) The plasmid pTOPO5.15, containing
a nearly full-length copy of MdBV segment C, was serially diluted 10-fold in
water with 108 to 101 copies per reaction. Amplifications were repeated four
times for each dilution. The fluorescence intensity (ΔRn) was initially plotted
against the number of PCR cycles. The calibration curve was then obtained by
linear regression analysis of the CT values and input copy number of each
dilution of plasmid. The slope, y intercept, and correlation coefficient are
presented in the upper left. (B) MdBV DNA from calyx fluid was serially
diluted 10-fold with 5×103 to 0.5 pg per reaction. Amplification using primers
specific for MdBV genomic segments C, B and J was then repeated four times
for each dilution with linear regressions determined as described above. The
regression for amplifications using serially diluted pTOPO5.15 is also
presented. The slopes, y intercepts, and correlation coefficients for each
MdBV segment and plasmid are presented in the upper right.
183M.H. Beck et al. / Virology 359 (2007) 179–189O was sufficient to detect Glc1.8 by immunofluorescence
microscopy.
Viral DNAs persist in parasitized hosts and preferentially infect
hemocytes
Under the rearing conditions used in this study,M. demolitor
takes 7 days to develop from the egg stage to a fourth stadium
wasp larva that egresses from the host to pupate (Strand et al.,
1988). We estimated the copy number of segments C, B and J in
parasitized P. includens larvae by first removing the developing
parasitoid and then isolating DNA from the host (n=3 hosts per
time point). Whole body samples were then analyzed using our
semi-quantitative real-time PCR assay. In newly parasitized
hosts (2 h post-parasitism), we detected from 9.2×104 to
8.8×105 copies of segment C and correspondingly higher copy
numbers of segments B and J (Fig. 4). Although copy number
of each segment varied between hosts, their relative abundancewithin a host was approximately 1 (C):5 (B):14 (J) which was
virtually identical to their relative abundance in calyx fluid (see
Fig. 2). Assuming the relative abundance of the other 12 viral
segments was also similar, these data suggested that M. demo-
litor injects between 0.04 and 0.005 wasp equivalents of calyx
fluid per oviposition event. Copy number of segments C, B and
J at later time points post-parasitism was similar to the 2-h time
point suggesting that most of the viral DNAs injected at
oviposition persist in hosts over the 7 days required for para-
sitoid development (Fig. 4).
To assess the distribution of segments J, B and C in hosts, we
isolated genomic DNA from different tissues at 24 h post-
parasitism and conducted rqRT-PCR studies. Each viral
segment was most abundant in hemocytes and least abundant
in salivary glands (Figs. 5A–C). Note that the relative
abundance estimates presented in Fig. 5 were normalized for
each segment relative to the salivary gland sample. Thus, the
relative abundance of a given segment in salivary glands can be
compared to its abundance in other tissue/cell types (i.e.,
segment J can be compared to itself among tissues) but among
segment comparisons cannot be made from these data.
However, among segment comparisons within a tissue were
possible by standardizing the data relative to the abundance of
segment C. This analysis is presented for hemocytes in Fig. 6
where the abundance of segments J, B and C were
approximately 14:5:1, respectively. The same ratio of abun-
dance was also found within the other tissues we sampled (data
not presented). Taken together, our among tissue comparisons
indicated that each MdBV segment is most abundant in host
hemocytes, whereas our within tissue estimates suggested that
virions containing different viral DNAs do not preferentially
infect particular tissues because the relative abundance ofF
P
d
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r
P
a
Fig. 5. rqRT-PCR analysis of MdBV genomic segments C, B and J in hemocytes
(HE), nervous system (NS), fat body (FB), gut (GT) and salivary glands (SG)
from parasitized P. includens. Samples were collected 24 h post-parasitism. The
abundance of each MdBV segment in salivary gland was standardized to a level
of 1. The abundance of each genomic segment in the other tissues was then
determined relative to the salivary gland control. Each treatment was replicated
four times using tissues collected from different parasitized larvae. Error
bar=1 SD.
Fig. 6. rqRT-PCR analysis of MdBV genomic segments C, B and J in hemocytes
from 24 h post-parasitism P. includens larvae. The abundance of segment C was
standardized to a level of 1. The abundance of segments B and J was then
determined relative to the segment C control. Hemocytes from three parasitized
larvae. Error bar=1 SD.
Table 3
PCR primer sets for selected MdBV transcripts a
Transcript Orientation Sequence
egf0.4 Forward 5′-TTCGCACTTGTTCTGCTC-3′
Reverse 5′-ACGTACCCCTTTTCACACC-3′
glc1.8 Forward 5′-ACTACTACCCACCATGAAGAC-3′
Reverse 5′-ATGCAATACGGAAAGGCAG-3′
vank-G3 Forward 5′-TGGCGCCTGTCATTCTTC-3′
Reverse 5′-ACACCGGGTTTCTTACACAGC-3′
vank-G4 Forward 5′-ACGGCTGTTTAAACGATAGAG-3′
Reverse 5′-GTTGCCACCTTTCCTTTCCTG-3′
ptp-J1 Forward 5′-CCAATTCGGAAGGGTCTCG-3′
Reverse 5′-GGGGTAGCACTTTTGTTTGTTATCT-3′
ptp-J4 Forward 5′-ATAAGCTATCTGCACGAAACTCCC-3′
Reverse 5′-CATAATTCTCCGGCTGACTAATGG-3′
ptp-N2 Forward 5′-AGAAGAGTTTCATTATATCGTGCTCC-3′
Reverse 5′-CGCCGTTTTTCGACTCTATCA-3′
vank-N5 Forward 5′-AAATCTTGAAATGCTGCTTGAG-3′
Reverse 5′-TCCATTTTATTTTCCTGACTTTCT-3′
psp Forward 5′-GCACCAACCGTGGCGACTAATG-3′
Reverse 5′-GGCGAGACAGCCACCGTTGAA-3′
18S rRNA Forward 5′-CAGTGATGGGATGAGTGCTTTTATTAGAT-3′
Reverse 5′-AGGCCCTCCGTCGATTGGTTTT-3′
a Also listed are primers sets for the18S rRNA and the psp gene from P.
includens that were used as endogenous controls.
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found in calyx fluid.
Gene dosage as well as other factors affect MdBV transcript
abundance
Genome segmentation and the non-equimolar production of
genomic segments have been suggested as compensatory adap-
tations in PDVs for regulating gene expression in the absence of
replication (Webb and Strand, 2005). As previously noted, most
MdBV genes belong to five gene families (egf-motif, glc, ptp,
vankyrin, tRNA) (Webb et al., 2006). Based on results of the
current study, nearly all members of four families are located on
the most abundant genomic segments. Segment O encodes all of
the glc (2 members), egf (6 members) and tRNA (5 members)
genes, whereas segments J, H and N encode twelve of the
thirteen ptp family members. In contrast, the vankyrin gene
family is divided with five members located on high orintermediate copy segments (J, H and N) and seven located on
low copy segments (C, F, G, I). If variation in viral segment
abundance is an important adaptation for regulating gene
expression, we would predict that (1) transcript abundance
should be higher for genes on more versus less abundant
genomic segments, and (2) the relative abundance of all
MdBV transcripts should be higher in hemocytes than other
host tissues. In contrast, if other factors like promoter
strength, host cell environment or message stability also
Fig. 7. rqRT-PCR analysis of transcript levels for selected MdBV genes in
hemocytes and fat body from parasitized P. includens larvae. Samples were
collected 24 h post-parasitism. Transcript levels for vank-G3 in hemocytes and
fat body were standardized to a level of 1. Transcript levels for the other genes
were then determined relative to vank-G3. Each treatment was replicated four
times using samples collected from different parasitized larvae. Error bar=1 SD.
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ly of segment abundance and/or infection level. To explore
these possibilities, we designed primers to amplify a subset of
MdBV genes located on high copy segments J (ptp-J1, ptp-J4) and
O (egf-0.4, glc-1.8), intermediate copy segment N (ptp-N2, vank-
N5) and low copy segment G (vank-G3, vank-G4) (Table 3). In
calyx fluid, these segments exist at a ratio of approximately
6.3:3.8:2.3:1.0 (see Table 1, Fig. 2). Preliminary real-time PCR
studies using serially diluted viral DNA from calyx fluid as
template determined that amplification efficiencies for these
products were virtually identical (data not presented). We therefore
compared the relative abundance of these transcripts to one
another within host hemocytes or fat body using cDNA as
template. This analysis revealed a mixed relationship between
transcript and segment abundance (Fig. 7). Consider first
transcript abundance in hemocytes where transcript abundance
was highest for egf-0.4 and glc-1.8 on high copy segment O and
vank-N5 on intermediate copy segment N, and lowest for vank-
G3 and vank-G4 on low copy segment G. Within-gene family
comparisons also indicated that transcript abundance for family
members on more abundant segments was higher than for family
members on less abundant segments. For example, ptp-J1 and -J4
were more abundant than ptp-N2, whereas vank-N5 was more
abundant than vank-G3 and -G4. Together, these data indicated a
positive relationship between segment abundance and transcript
abundance. In contrast, other comparisons suggested that segment
abundance was not the only factor affecting transcript abundance.
For example, transcripts for ptp-J1 and ptp-J4 were less abundant
than for egf-0.4, glc-1.8 and vank-N5 even though segment J was
more abundant than segments O and N. Transcript abundance also
differed markedly between ptp-N2 and vank-N5 even though both
are located on the same segment. The relationships between
transcript and segment abundance were very similar in the fat
body (Fig. 7). However, transcript abundance for each genewas always lower in the fat body when compared to hemocytes
(Fig. 7).
Discussion
The recent sequencing of the MdBV and other PDV genomes
has provided important insights into the types of genes PDVs
encode and their possible function in altering the physiology of
parasitized hosts (Espagne et al., 2004; Webb and Strand, 2005;
Webb et al., 2006; Dupuy et al., 2006; Pennacchio and Strand,
2006). However, the organization of PDV genomes into multiple
segments of variable abundance adds another layer of complexity
that is also potentially important for function. In the absence of
replication, copy number of a given gene in parasitized hosts is
determined by the abundance of the corresponding genomic
segment(s) in calyx fluid and the amount of calyx fluid the wasp
injects into the host at oviposition. Gene delivery to host cells could
also be affected by how genomic segments are packaged in virions
and which tissues virions infect.
Our results reveal that MdBV virions contain a single nucleo-
capsid that packages only one genomic segment. As a result, the
MdBV genome is distributed among a population of virions in
calyx fluid. We also speculate that packaging of a single DNA per
nucleocapsid may be conserved among all BVs given previous
findings for Chelonis inanitus bracovirus (CiBV) (Albrecht et al.,
1994) and phylogenetic evidence suggesting that BVs share a
common origin (Whitfield, 2002; Whitfield and Asgari, 2003;
Espagne et al., 2004; Webb and Strand, 2005; Webb et al., 2006).
Whether IVs package single or multiple DNAs per capsid, in
contrast, is unknown. Themorphology and size variation ofMdBV
capsids is similar to the small number of other descriptions of BV
capsids in the literature (Stoltz and Vinson, 1979; Krell and Stoltz,
1979; Albrecht et al., 1994). The presence of tails has also been
observed in negatively stained capsids of BVs fromother braconids
(Stoltz and Vinson, 1979) although it is unclear whether this is a
universal feature of BVs or not. MdBVand other BV virions enter
host cells by penetrating the basement membrane and translocating
to nuclear pores where they release their associated DNA
(summarized by Stoltz and Vinson, 1979; Stoltz, 1993; Strand,
1994; Webb and Strand, 2005). Although readily visible by
negative staining, tails are only occasionally seen in sectioned
material of MdBV capsids infecting host cells. Nonetheless, we
have observed a few instances where the tail of an MdBV capsid
appears to be inserted into a nuclear pore of a host hemocyte
suggesting this structure is involved in introducing viral DNA into
the nucleus (Strand, unpublished observations).
Prior to this study, evidence for the non-equimolar abun-
dance of genome segments from MdBV and other PDVs
derived from visualizing viral DNAs on agarose gels or
Southern blots (summarized by Webb, 1998; Webb and Strand,
2005). It is very difficult though to accurately determine
segment number or abundance in this way because viral DNAs
often exist in multiple conformations that migrate with different
mobilities. Different segments of similar size also comigrate
making it difficult to discern whether a given band is a high
abundance segment or a mixture of segments. Real-time PCR
methods for determining copy number of a given amplicon
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nucleic acid of known concentration and a wild-type target of
unknown concentration and (2) semi-quantitative methods that
compare threshold cycle (CT) values of an unknown sample to
an external standard curve (Mackay et al., 2002; Casabianca et
al., 2004; Mubarak et al., 2005; Kabamba-Mukadi et al., 2005).
Competitive coamplification is not well suited for estimating
segment copy number of PDVs because of the large number of
different DNA segments that make up PDV genomes. In
contrast, a semi-quantitative approach can be used so long as
different segment-specific amplicons can be amplified with
equal efficiency to a standard.
Using a standard curve corresponding to the least abundant
segment (C), our semi-quantitative approach provided a sensi-
tive, specific and reproducible assay platform for estimating
MdBV segment copy number in calyx fluid and parasitized
hosts. Contour measures from micrographs offer only an appro-
ximate estimate of DNA segment size but nonetheless offered an
independent approach for assessing the relative abundance of
different MdBV DNAs that could be compared to our real-time
PCR strategy. The very similar distributions generated by each
method suggests that our semi-quantitative PCR approach
accurately estimated the abundance of each MdBV segment.
The infectivity assay we developed for virions containing seg-
ment O lends additional support for the accuracy of our semi-
quantitative approach. These methods should also be applicable
to other PDVs.
Based on estimates from agarose gels, we previously thought
that segment O was the most abundant MdBV DNA (Strand et
al., 1992; Strand et al., 1997; Webb et al., 2006) but results of
the current study point instead to segment J followed by O, H, N
and B, respectively. A previous study using Southern blotting
and pooled samples of parasitized hosts estimated that M.
demolitor injects 0.02 wasp equivalents of MdBV per host
(Strand et al., 1992). Our real-time assays yielded a similar
estimate while also allowing us to estimate copy number of
individual segments. These data are fully consistent with prior
studies indicating an absence of replication of any viral genomic
segments in parasitized hosts (Strand et al., 1992; Strand, 1994;
Webb et al., 2006). The persistence of most viral DNAs in
parasitized hosts following oviposition is also in line with the
biology of M. demolitor, which during the larval stage feeds
exclusively on hemolymph and does not consume other host
tissues (Strand et al., 1988; Webb and Strand, 2005). We were
unable to collect all of the fat body or hemocytes in a host, and
as a result could not estimate the total segment copy number
present in each tissue we sampled in parasitized larvae.
Nonetheless, our relative abundance estimates suggest most
MdBV particles injected into hosts by the wasp infect
hemocytes, fat body and cells associated with the nervous
system. The similar ratio of abundance of segments C, B and J
(1:5:14) within the host tissues we sampled also suggests that
virions containing different MdBV DNAs do not preferentially
infect particular tissues. In summary, hemocytes likely contain a
higher copy number of each MdBV segment than other host cell
types, but the relative abundance of each viral segment is likely
similar in all infected host cells.Our assumption that O was the most abundant segment of the
MdBV genome combined with data on the Campoletis sono-
rensis ichnovirus (CsIV) genome led us previously to suggest
that PDV genes on high abundance segments primarily encode
proteins targeted for secretion and high level expression whereas
genes on low abundance segments encode cytosolic factors that
interact with intracellular signaling pathways (Webb et al.,
2006). Results of this study, however, do not support this
interpretation for MdBV given that three (J, H, N) of the most
abundant segments only encode ptp or vankyrin genes whose
predicted products are intracellular proteins that interact with
host signaling pathways. Instead, it would appear that theMdBV
genome is organized in a manner that most genes expressed in
parasitized hosts are located on high abundance segments. This
pattern also raises important questions as to the role of low
abundance segments in parasitism. Past reviews have suggested
that segment abundance likely contributes to regulation of gene
dosage (Fleming and Krell, 1993; Webb and Strand, 2005).
Results of the current study lend some experimental support for
this idea; particularly when making comparisons within a given
gene family whose members are located on different segments.
Studies of selected gene families from MdBV and other PDVs
suggest that diversification of genes into families located on
different viral segments likely plays an additional role in
regulating tissue- or stage-specific patterns of gene expression
(Fleming and Krell, 1993; Asgari et al., 1996; Le et al., 2003;
Provost et al., 2004; Kroemer andWebb, 2005; Thoetkiattikul et
al., 2005). However, our comparisons of transcript abundance
among gene families also suggest that other factors besides
segment abundance including promoter strength and mRNA
stability affect MdBV transcript abundance in host tissues. The
availability of quantitative data on segment abundance paves the
way for disentangling the roles of these factors in regulating
polydnavirus gene function in future studies.
Materials and methods
Insect rearing
P. includens was reared at 27±1 °C and a 16-h light: 8-h dark
photoperiod as outlined by Strand (1990). M. demolitor was
reared by parasitizing third instar P. includens as described by
Strand and Noda (1991).
Calyx fluid and viral genomic DNA isolation
M. demolitor calyx fluid consists almost exclusively of
MdBV and the amount of calyx fluid (=MdBV) from a single
wasp is defined as one wasp equivalent. Calyx fluid was
collected from adult female wasps as previously described with
1 wasp equivalent calyx fluid diluted in 10 μl of Pringle's saline
(Beck and Strand, 2003). Viral DNA was purified from calyx
fluid as described by Strand (1994) with minor modification.
Briefly, calyx fluid was centrifuged at 4 °C for 20 min at
16,000×g. To eliminate contaminating non-viral DNA, the
resulting pellet consisting of virions was resuspended in 100 μl
reaction buffer (0.5 mM CaCl2, 2.5 mM MgCl2, 10 mM Tris–
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Ambion) and incubated at room temperature for 30 min. To
remove residual enzyme, viral particles were recentrifuged and
washed 3× in Pringle's saline (Pringle, 1938) before being lysed
in saline containing 2% sarcosyl and 0.5 mg/ml proteinase K for
1 h at 62 °C. MdBV genomic DNAwas extracted with phenol/
chloroform and ethanol precipitated in the presence of 0.25 M
NaCl. The DNA pellet was resuspended in water containing
RNase A (Sigma) and RNase T1 (Gibco) and incubated at 37 °C
for 30 min. The quality of the isolatedMdBVDNAwas assessed
on 0.4% agarose gels (SeakemGold, FMCBioProducts), and the
amount of DNA recovered from a known number of female
wasps was quantified using the PicoGreen dsDNA Quantitation
Kit (Molecular Probes) and a fluorescence microplate reader
(FLUOstar Galaxy, BMG).
Electron microscopy
MdBV virions consist of a cylindrical nucleocapsid sur-
rounded by a single unit membrane of variable length (Strand,
1994). To remove the unit membrane and visualize the nucleo-
capsid, 3 μl of calyx fluid (=0.3 wasp equivalents, see above) in
Pringle's saline was combined with 5 μl of buffer A (41 mM
Na2CO3, 5 mMEDTA, 128mMNaOH, 9% formaldehyde (v/v),
37% formamide) and 4 μl of buffer B (20 mM NaCl, 5 mM
EDTA) for 10 min at room temperature. This solution was then
placed on a 0.45-μm Ultrafree-MC filter (Millipore) and
dialyzed against an excess volume of buffer B for 2 h at 4° C.
Nucleocapsids were then adsorbed onto carbon films, washed in
buffer B and negatively stained in 2% phosphotungstic acid.
Nucleocapsids were exploded to release and spread the
encapsidated DNA using a modified Kleinschmidt technique
(Kleinschmidt et al., 1962). Briefly, 7 μl of the dialyzed calyx
solution described above was combined with 5 μl of buffer A
plus 2 μl of an 0.1% cytochrome c solution followed by adsorp-
tion onto carbon-parloidion-coated grids. Samples were then
stained in 50 μM-uranyl acetate in 90% ethanol and rotary
shadowed with Pt-Pd (80:20) at an angle of 5°. Micrographs
were taken using a Philips EM 300 electron microscope. Nega-
tives were enlarged 10× by projection and the molecules mea-
sured with a MOP digitizer using circular, ds DNA from the
plasmid piX175 as a standard.
Genomic DNA and total RNA isolation from parasitized hosts
Third instar P. includens larvae (6–12 h post-ecdysis) were
singly parasitized by M. demolitor. Starting at 2 h post-para-
sitism, groups of 3 CO2-anaesthetized larvae were processed
every 24 h for 7 days. Whole body samples were prepared by
first removing the parasitoid egg or larva from the host by
dissection. The hemolymph and host cadaver was then briefly
homogenized in physiological saline, in 1.5 ml centrifuge tubes
employing matching pestles. For tissue samples, larvae were
dissected in Pringle's saline and fat body, gut (digestive tract
plus malpighian tubules), salivary glands, nervous system
(brain plus ventral nerve cord) removed. Again, no tissue
samples were contaminated by wasp eggs or larvae. Hemocyteswere collected by bleeding larvae from a cut proleg into saline
and pelleting the cells by gentle centrifugation (400×g for
1 min). All collected samples were immediately used for the
isolation of total RNA or genomic DNA. Total RNA was
extracted using TRIzol Reagent (Invitrogen) according to the
manufacturer's instructions with slight modifications. To
remove contaminating genomic DNA, the isolated RNA was
treated with DNase I (Ambion), extracted with phenol/
chloroform, isopropanol-precipitated and resuspended in
RNase-free water. Genomic DNA was isolated employing the
QIAamp DNA Mini Kit (Qiagen). A RNase A step was
included as specified in the instruction manual. RiboGreen
RNA and Picogreen® dsDNA Quantitation Kits (Molecular
Probes), in combination with a fluorescence microplate
reader (FLUOstar Galaxy; BMG), were used to quantitate
RNA and DNA amounts. In addition, the quality and inte-
grity of the isolated genomic DNA were assessed by agarose
gel electrophoresis.
Reverse transcription and real-time PCR
For first-strand cDNA synthesis, 500 ng of total RNA per
sample was reverse-transcribed using SuperScript III (Invitro-
gen) and random hexamers in 20 μl reactions according to the
manufacturer's recommendations. PCR reactions were run on
a Rotor-Gene 3000 Real-Time PCR Thermal Cycler (Corbett
Research) in 10-μl reactions. Each 10 μl reaction contained
4 μl template (either cDNA, genomic or plasmid DNA), 5 μl
iQ SYBR Green Supermix (BioRad) and 0.25 μM each of the
corresponding forward and reverse primers. Primer pairs used
for real-time PCR experiments were designed from genomic
sequences for each MdBV DNA (Table 2 and 3). MdBV
genomic segments A-O were deposited in GenBank under
accession numbers AY887894, AY875680-AY875690,
AY848690, AY842013 and DQ000240 (Webb et al., 2006).
To normalize differences in total RNA amounts that were
reverse-transcribed and added to each reaction, 18S ribosomal
RNA from P. includens (GenBank Accession No. AY298945)
was used as an active endogenous control. To account for
differences in P. includens genomic DNA amounts when
assessing MdBV segment abundance, primers specific for the
P. includens gene encoding plasmatocyte spreading peptide
(PSP) (Clark et al., 1998) were utilized. Cycling conditions
were the same for all primer combinations: 3 min initial
denaturation step at 95 °C, followed by 40 cycles of 20 s
denaturation at 95 °C, 20 s annealing at 50 °C and 20 s
extension at 72 °C. Data were acquired during the extension
step and analyzed with the Rotor-Gene application software
(Version 6.0.27). For every amplicon, reactions were carried
out in quadruplicate, from which mean threshold cycle (CT)
values plus standard deviations were calculated. Relative
transcript or MdBV segment amounts were calculated
applying the comparative CT or 2
-ΔΔCT method (Perkin-
Elmer, 1997; Livak and Schmittgen, 2001). Amplification
efficiencies (E) of the amplicons used in real-time reactions
were determined based on slope values obtained from linear
regressions, where CT values were plotted versus the
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(either cDNA or genomic DNA) employing the following
equation: E=[C10(C-1/slope)−1] (Peirson et al., 2003). To
validate the use of the CT method, amplification efficiencies
of targets and endogenous controls were calculated and
compared to ensure that the corresponding amplicons are
being amplified at similar rates over a certain dynamic range.
Normalized CT values were calibrated to the sample
displaying the lowest value, which was set to 1. For semi-
quantitative analyses, standard curves were constructed using
segment-specific primers plus known amounts of the plasmid
pTOPO-5.15, which contains a 6307-bp fragment of segment
C, or serially diluted MdBV genomic DNA as template.
Infectivity assay for virions containing segment O
An infectivity (plaque-like) assay was developed for esti-
mating infectivity of virions containing segment O. Twenty-
four hours before a bioassay, High Five cells from Trichoplusia
ni that are permissive to MdBV infection, were plated in three
96-well plates (Corning) at a density of 1×104 cells per well in
TC-100 medium plus 10% fetal bovine serum (Beck and
Strand, 2003; 2005). Calyx fluid was then isolated from five,
two-day-old female wasps the day of the assay and serially
diluted in TC-100 medium. From 10−3 to 10−10 wasp
equivalents of calyx fluid were then added to the cells.
Twenty-four hours post-infection, the monoclonal antibody
55F2 (1:100 dilution) was added to living cells for 1 h followed
by a goat anti-mouse secondary antibody (Jackson Labs;
1:1000 dilution). This primary antibody specifically recognizes
the product of the glc1.8 gene, encoded on segment O, that is
expressed on the surface of virus-infected cells (Trudeau et al.,
2000; Beck and Strand, 2003). After rinsing, the presence of
Glc1.8 positive cells was assessed at each dilution by
epifluorescent microscopy using a Leica inverted microscope.
The titer of segment O containing virus was then determined by
end-point dilution as outlined by Mahy and Kangro (1996).
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